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1. Introduction
Poly(lactic acid) (PLA) is a commercially available
compostable biobased material that could become a
material of choice, due to its high strength and mod-
erate barrier properties. It is a highly transparent
and rigid material with a relatively low crystalliza-
tion rate that makes it a promising candidate for the
fabrication of biaxially oriented films, thermo-
formed containers and stretch-blown bottles [1, 2].
Unfortunately the range of application of PLA is
severely limited because of low glass transition
temperature (around 55–60°C) thus research was
focused on the study of PLA crystallization kinetics
[3]. At temperature higher than glass transition only
the PLA crystalline phase can confer useful mechan-
ical properties. Increasing the crystallization speed
of PLA is thus desired [4].
Lactic acid is optically active and thus it has a L or
D form. The maximum attainable crystallinity level
is obtained by minimizing the amount of the other
lactide and mesolactide in the lactide used as the
major monomer. The crystallinity and crystalliza-
tion rate of PLA decrease as the purity decreases.
The crystallization half-time was found to increase
by roughly 40% for every 1 wt% increase in the
mesolactide content of the polymerization mixture
[5]. However even at high L-LA content PLA crys-
tallization is typically too slow to develop signifi-
cant crystallinity unless it is induced by strain such
as in processes used to produce bottles. In processes
such as injection molding where the orientation is
limited and the cooling rate is high it is much more
difficult to develop significant crystallinity and thus
formulation or process changes are required.
Researchers have studied the crystallization behav-
iour [6–9] of PLA; especially the crystallization
kinetics [5, 10, 11]; the isothermal melting mecha-
nism [12]; the effects of undercooling and the
molecular weight on its morphology and crystal
growth [13]; the effects of annealing on the thermal
properties, morphology, and mechanical properties
of PLA films [14]; and the effects of thermal treat-
ment on compression-molded PLA at different
molecular weights [15]. In order to increase crys-
tallinity three main routes can be considered. The
first one is to add a nucleating agent that will lower
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© BME-PTthe surface free energy barrier towards nucleation
and thus initiates crystallization at higher tempera-
ture upon cooling. A second possibility is to add a
plasticizer which will increase the polymer chain
mobility and will enhance the crystallization rate by
reducing the energy required during crystallization
for the chain folding process. The third possibility
is to play with the molding conditions, in particular
molding temperature and cooling time.
Several potential nucleating agents have been
examined in the literature [3]. Talc is a widely used
nucleating agent. It was shown that talc nucleates
the crystallization of polymers through an epitaxial
mechanism [16]. In the case of PLA, it is shown
that the crystallization half-time can be reduced by
more than one order of magnitude to less than 1 min
when 1% talc is added [17]. Similarly, strong
increase in nucleation density with addition of talc
was found in poly(L-lactide-co-mesolactide) [5].
This paper investigated the effect of microtalc con-
centration on the crystalline content developed dur-
ing heating-cooling-heating cycle and in isothermal
condition. The crystalline content and mechanical
properties achieved in different conditions are com-
pared using differential scanning calorimetry and
dynamic mechanical analysis. This information
would be useful to better understand PLA/talc com-
posites and their manufacturing and possible appli-
cations.
2. Experimental
2.1. Materials and sample preparation
Poly(L-lactic acid) ‘NatureWorks® PLA Polymer
3051D’, average molecular weight 160 kDa, ratio
96% L-Lactide to 4% D-Lactide units was obtained
from Natureworks Minneapolis Minnesota (USA).
Industrial microtalc masterbatch ‘PLA NA BIO L
6951’ with 30% of talc content was purchased from
Polyone Belgium SA Assesse (Belgium).
All the material was dried at least for 4 hours at 80°C
under vacuum to a Karl-Fischer titration moisture
content below 500 ppm before processing.
The compounds were melt blended using a co-rotat-
ing twin screw micro extruder DSM Xplore 15 ml
Microcompounder. Residence time was fixed for all
the runs at 5 minutes. To prevent the degradation of
the polymers, N2 purge flow was used during the
processing. The screw speed was fixed at 60 rpm
for the feeding and 100 rpm for the melt mixing.
The heating temperature was set at 180°C. Percent
of talc content is indicated by the number in the
sample name (e.g., PLA1T contains 1.0 wt% talc).
2.2. Characterizations
Wide Angle X-Ray Scattering (WAXS) analyses
were performed on compression moulded 3!3!
0.5 mm specimens with a Thermo ARL diffrac-
tometer X-tra 48 using Cu-K" X-ray source (! =
1.540562 Å), step-size 0,02° at 2°C/min scanning
rate.
Scanning Electron Microscope (SEM) pictures
were taken with LEO 1400 VP Series (Carl Zeiss,
Oberkochen, Germany) on surface of fragile frac-
ture from film samples fractured after cooling by
immersion in liquid nitrogen. The samples were
metallized with gold.
Differential Scanning Calorimetry (DSC) analyses
were performed with DSC Q20 TA Instruments
(New Castle, DE, USA) with a double cycle of heat-
ing from 0 to 230°C at 10°C/min separated by a sin-
gle cooling cycle at 10°C/min with isothermal step
for 3 minutes at 230 and 0°C. The thermal history
of samples was erased by the preliminary heating
cycle at 10°C/min. The amount of material in the
DSC samples was 6–8 mg. An empty pan was used
as a reference. The glass transition temperature
(Tg), crystallization temperature (Tc), cold crystal-
lization temperature (Tcc), melting temperature
(Tm), crystallization enthalpy (#Hc), cold crystal-
lization enthalpy (#Hcc) and melting enthalpy
(#Hm) were determined from cooling and second
heating scans. The crystallinity (") of PLA and
composites was evaluated using Equation (1):
             (1)
where #H = #Hc (for cooling curves, as #Hc is the
specific crystallization enthalpy of the sample) or
#H = #Hm – #Hcc (for second heating curves, as
#Hm is the specific melting enthalpy of the sample,
#Hcc is the specific cold crystallization enthalpy of
the sample), #Hm
0 is the melting enthalpy of the
100% crystalline polymer matrix (93.0 J/g for PLA
[18, 19]) and %wt filler is the total weight percent-
age of talc.
To evaluate isothermal crystallization values, a sam-
ple was heated from 25 to 200°C at 10 C/min and
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was rapidly cooled (–50°C/min) to the isothermal
evaluation temperatures of 90, 95, 100, 105 and
110°C (Ti). The sample was held at the isothermal
temperature for 120 minutes, allowing crystalliza-
tion. To observe the melting behavior, the isother-
mally crystallized samples were reheated to 200°C
at a rate of 10°C/min. The melting temperature that
was observed was taken as the maximum of the
endothermic transition.
Dynamic Mechanical Thermal Analysis (DMTA)
was performed with DMA Q800 TA Intruments
(New Castle, DE, USA). The measurements were
carried out at a constant frequency of 1 Hz, at a
strain amplitude of 15 $m with a preload of 0,01 N,
a temperature range from 25 to 100°C with a heat-
ing rate of 3°C/min in tension mode. The samples
were prepared by cutting strips from the films with
a width of 6 mm, a height of 26 mm and a thickness
of about 0,5 mm prepared by hot compression
molding with 5 MPa at 180°C for 3 min. For each
material at list three samples were characterized.
3. Results and discussion
3.1. Morphology 
The WAXS spectra of talc is characterized by the
presence of three diffraction peaks at 2# = 9.5, 19.1
and 28.7º [20]. The WAXS pattern of PLA is char-
acterized by a broad band with maximum at 2# =
16.6º, indicating a completely amorphous structure
(Figure 1). Crystalline structure of the polymer
matrix is significantly affected by the presence of
talc: the composites containing talc show the pres-
ence of the three talc peaks and a new peak at 16.6°
due to the crystalline phase of the PLA (inset Fig-
ure 1) [21]. Thus, as expected talc enhance PLA
crystallization. It is interesting to underline that the
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Figure 1. X-ray diffraction of melt-blended samples (inset: magnification of PLA characteristic peak)
Figure 2. SEM analyses of PLA1T (a), PLA5T (b) and
PLA15T (c)intensities of the three talc peaks seem almost pro-
portional to the talc content.
For the sake of brevity, only SEM analyses of
PLA1T, PLA5T and PLA15T are shown because all
the composites show a good dispersion. There are
no aggregates and the talc lamellae are singularly
dispersed. SEM analyses (Figure 2) shows also a
wide size distribution of talc lamellae with maxi-
mum particle size of about 10 $m.
3.2. Thermal analysis
The thermal history of samples was erased by the
preliminary heating cycle. The DSC thermograms
recorded during cooling and second heating of PLA
composites are reported respectively in Figure 3a
and Figure 3b.
The data derived from DSC analyses are reported in
Table 1. PLA alone does not crystallize during cool-
ing. Talc induces PLA crystallization on cooling, as
already reported [5], the crystallization percentage
increases with the concentration of filler.
Neat PLA crystallizes on heating (cold crystalliza-
tion) with a Tcc of 130°C (Figure 3b, Table 1). The
exothermic peak of cold crystallization is partially
merged with the endothermic melting peak that has
a maximum at 152°C (Figure 3b). The "m and "cc of
PLA have practically the same absolute value and
this confirms that crystallization of neat PLA occurs
only during heating.
The addition of 1 wt% of talc (Table 1) leads to a
considerable decrease of Tcc, (~23°C), as well as to
an increase of total crystallinity respect to neat
PLA. The Tcc remains similar for all the samples
containing talc. The PLA crystals in PLA/talc com-
posites are formed partially during cooling and par-
tially during cold crystallization. There is an impor-
tant increase in the crystallinity percentage formed
during the cooling cycle from 2.7 to 9.1% (evalu-
ated as "m–%"cc) with the increase of talc concentra-
tion from 1 to 15 wt%. The percentage of crystal-
lization during heating ("cc), evaluated by heating
released by cold crystallization, decreases with the
increase of talc concentration. Similarly the overall
crystallinity ("m) decreases with increasing the con-
centration of talc. Probably this is due to the pres-
ence of an higher percentage of crystals formed dur-
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Figure 3. DSC analyses of samples a) cooling (10°C/min 230–0°C) b) second heating (10°C/min 0–230°C)
Table 1. DSC analysis of PLA, PLA/talc composites
Sample PLA PLA1T PLA2.5T PLA5T PLA10T PLA15T
Cooling
Tc [°C] – 85 86 88 88 89
#Hc [J/g] 0.0 0.9 2.4 2.6 4.2 4.4
"c [%] 0.0 0.9 2.7 2.9 5.0 5.6
2° heating
Tg [°C] 59 57 58 59 60 60
Tcc [°C] 130 107 104 106 103 100
#Hcc [J/g] 12.0 26.2 24.2 19.7 16.4 13.9
"cc [%] 12.9 28.5 26.7 22.3 19.6 17.6
Tm [°C] 152 147–153 147–152 147–152 147–152 147–151
#Hm [J/g] 12.1 28.7 28.4 24.9 22.8 21.1
"m [%] 13.0 31.2 31.3 28.2 27.2 26.7
"m – "cc [%] 0.1 2.7 4.6 5.9 7.6 9.1ing cooling, that reduce the chain mobility [3]. This
reduction negatively affects cold crystallization
process.
Two overlapping melting processes are shown by
the composites containing talc (Tm: 147 and 152°C)
which probably correspond to PLA crystallized
respectively on heating and on cooling [11]. The
low temperature melting process is reduced to a
shoulder increasing talc content which indicates
that crystallization on cooling gives crystals with an
higher melting temperature. Thus the incorporation
of talc leads to an increase of crystallization per-
centage during cooling and affect the total crys-
talline percentage obtained with an annealing
process.
3.3. Isothermal crystallization behaviour
In Figure 4 the heat flow [W/g] versus t [min] at the
isothermal temperature (Ti) of 110°C are plotted.
Typical crystallization isotherms are obtained for
pure PLA and PLA/talc composites. Adding talc the
crystallization isotherm curves are shifted to left
along the time axis.
In Table 2 are reported all the maximum of the
curves (tmax) obtained at the different Ti. By plotting
the Ti against the tmax saddle shape curves for PLA
composites were obtained (Figure 5). The tmax for
PLA/talc composites decrease as the Ti increased,
then reach a minimum and start to increase. This
minimum is at a Ti of 378 K (100°C) for the PLA
alone and composites till 5 wt% of talc, and decrease
to 95°C for talc concentration higher than 10 wt%.
The minimum tmax for PLA alone is 81 min. At the
same temperature the talc reduces this time to 2.0–
4.3 min for PLA/talc composite with various ratios.
Thus the crystallization rates of the PLA containing
talc were much faster than that of pure PLA. This is
obtained at all experimental temperatures indicating
that talc extremely increases the PLA crystallization
rate. As the talc content in the PLA increased the
tmax decreased slightly at all temperatures indicating
an increase in PLA crystallization rate.
The Avrami equation [22–24] (Equation (2))
describes how solids transform from one phase to
another at constant temperature. It can specifically
describe the crystallization kinetics and for these is
                                          Battegazzore et al. – eXPRESS Polymer Letters Vol.5, No.10 (2011) 849–858
                                                                                                    853
Figure 4. PLA and PLA/talc composites heat flow [W/g]
versus t [min] at the isothermal temperature (Ti)
of 110°C
Table 2. DSC isothermal analysis of PLA and PLA/talc
composites
Sample
tmax [min]
90°C 95°C 100°C 105°C 110°C
PLA 120.0 106.2 81.5 86.2 118.0
PLA1T 8.9 4.9 4.3 4.7 6.8
PLA2.5T 6.9 4.6 3.0 4.3 6.2
PLA5T 4.4 2.9 2.8 3.7 4.7
PLA10T 3.0 2.2 2.2 3.0 4.2
PLA15T 2.8 2.0 2.0 3.0 4.0
Figure 5. DSC isothermal analysis of PLA/talc composites:
Ti versus tmax
Table 3. PLA, PLA/talc composites crystallinity percentage after isothermal and after annealing
Sample
! [%] after isothermal DSC
! [%] after annealing 2 h at 100°C
90°C 95°C 100°C 105°C 110°C
PLA 7.8 21.2 27.4 28.6 17.3 24.5
PLA1T 26.9 27.9 29.5 33.5 34.3 26.8
PLA2.5T 27.8 27.7 32.8 31.3 34.8 27.2
PLA5T 28.3 28.4 30.5 30.9 34.0 29.3
PLA10T 27.8 29.6 31.6 33.0 34.6 29.2
PLA15T 26.8 29.3 31.0 31.2 36.9 30.1widely used to describe the isothermal crystalliza-
tion processes in polymers.
If the following two assumptions are made: 
(a) Nucleation rate is either zero (i.e. crystalliza-
tion occurs due to the growth of pre-existing nuclei)
or constant. 
(b) Isotropical growth rate is proportional to either
time t or t1/2 (depending whether the devitrification
is interface or diffusion controlled) then the classi-
cal Kohnogorov-Johnson-Mehl-Avrami (KJMA)
equation can be derived to be Equation (2) [25]:
"(t) = "&[1 – exp(–ktn)]                                        (2)
where "(t) is the volume crystallinity at time t; "& is
the volume crystallinity after infinite time (esti-
mated by using #H&); k is the overall kinetic rate
constant and n is the Avrami exponent (which
depends on the nucleation and growth mechanism
of the crystal).
The evolution of the crystallinity with time can be
estimated by using the degrees of crystallization ($)
as expressed by the ratio of enthalpy determined by
DSC using Equation (3):
                                             (3)
The value of $ at different times (t) is calculated by
integrating this curve of enthalpy at selected times
and calculating the ratio between this value and the
total area of the curve.
Taking the double logarithm of Equation (2) gives
Equation (4):
ln['–ln(1 – Xt)] = ln(k) + nln(t)                             (4)
The plot of ln['–ln(1 – Xt)] vs ln(t) should be linear
and the parameters k and n can be determined by
curve fitting the experimental data with slope n and
intercept ln(k).
The physical interpretation of the Avrami constants
k and n is difficult and open to interpretation. Origi-
nally n was held to have an integer value between
1–4 which reflected the nature of the transformation
in question. In the derivation above for example the
value of 4 can be said to have contributions from
three dimensions of growth and one representing a
constant nucleation rate. If the nuclei are preformed,
and thus present from the beginning, the transfor-
mation is only due to the 3-dimensional growth of
the nuclei and n has a value of 3. An interesting
condition occurs when nucleation occurs on spe-
cific sites (such as grain boundaries or impurities)
which rapidly saturate soon after the transformation
begins. Initially nucleation may be random and
growth unhindered leading to high values for n (3,
4). Once the nucleation sites are consumed the for-
mation of new particles will cease. Furthermore if
the distribution of nucleation sites is non-random
then the growth may be restricted to 1 or 2-dimen-
sions. Site saturation may lead to n values of 1, 2 or
3 for surface, edge and point sites respectively.
The k parameter is a temperature-dependent factor
which is generally taken in the Arrhenius form
(Equation (5)):
                                         (5)
where E is the average activation energy for the
overall crystallization process. For isothermal trans-
formation according to Equation (5) we have Equa-
tion (6):
                                           (6)
The activation energy for crystallization can be
determined by plotting ln(k) vs 1/T and ln(k) is
directly connected to the activation energy. Figure 6
presents plots of ln['–ln(1 – Xt)] vs ln(t) for the
PLA/talc microcomposites at 110°C. The curves
present an early and a nonlinear end part but in the
figure only the parts used to do the fitting are
ln1k2 5 ln1k02 2
E
RT
k 5 k0?expa2
E
RT
b a 5
x1t2
xq
5
DH1t2
DHq
a 5
x1t2
xq
5
DH1t2
DHq
k 5 k0?expa2
E
RT
b
ln1k2 5 ln1k02 2
E
RT
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Table 4. Crystallization parameters ln(k) and n for PLA and PLA/talc microcomposites
Temperature 90°C 95°C 100°C 105°C 110°C
Sample n ln(k) N ln(k) n ln(k) n ln(k) n ln(k)
PLA – – – – 3.06 –13.06 – – – –
PLA1T 2.12 –4.40 2.37 –3.03 2.36 –2.54 2.37 –2.59 2.30 –3.43
PLA2.5T 2.03 –3.75 2.21 –2.98 2.57 –2.05 2.35 –2.20 2.50 –3.12
PLA5T – – – – 2.31 –1.61 2.27 –1.93 2.39 –2.57
PLA10T – – – – – – 2.26 –1.59 2.30 –2.18
PLA15T – – – – – – – – 2.29 -2.04reported. The crystallization parameters ln(k) and n
obtained after fitting are summarized in Table 4.
Where there are no data was impossible to do the
calculation. For neat PLA there is only one data at
100°C (Figure 7).
The ln(k), and thus the activation energy, decreases
increasing the amount of talc. The ln(k) for pure
PLA is –13.06 so the activation energy is higher
than PLA/talc composites. For the sample where it
was possible to evaluate the ln(k), it has a minimum
value at 100°C according to what already reported
for tmax.
For PLA the Figure 7 shows a nonlinear long early
part, as in the other case but longest, and after a lin-
ear part fitted with the orange line with n values
very near to 3 (Table 4). So the nuclei are pre-
formed and the transformation is only due to the 3-
dimensional growth of the nuclei. For PLA/talc
composites instead at all the Ti under consideration
the n factor is 2.3±0.2 and remains instead quite
constant (except for a little change at 90°C) thus the
mechanism of nucleation and growth of the crystal
is more similar to a two dimensional growth on a
lamellar structure as it can be expected from an epi-
taxial growth mechanism. Thus the micro talc
change the mechanism of PLA crystallization
strongly reducing the activation energy needed as
Kolstad [5] already demonstrated. The mechanism
of growth is directly linked to the presence of talc
particles that works as nucleating agent with a 2d
growth mechanism.
3.4. Mechanical properties 
In Figure 8 are reported the DMTAs of PLA and
talc filled samples. For concentration higher than
5 wt% the addition of talc into PLA improves mod-
ulus as expected. The storage modulus is increased
at 30°C and this is due to the reinforcing effect of
talc. Under 5 wt% of talc content no relevant differ-
ences are highlighted thus the increase of crys-
talline percentage seems not to affect the storage
modulus of PLA.
Considerable improvements of rigidity were instead
observed at higher temperatures upon addition of
talc for all loadings. In Figures 8 and 9 all the data
obtained from DMTA tests of all samples at 30 and
85°C and the peak temperatures of tan% are summa-
rized. Because of the low modulus the test of PLA
must be stopped at about 80°C instead also at low
loading (i.e. 1 wt%), where the addition of talc into
PLA that leads to no change in the storage modulus
at 30°C, the composites show an increase of modu-
lus at higher temperature (Figure 8): the 1 wt% of
talc is enough to allow the PLA to reach the test end
(100°C).
At high temperature the addition of 5, 10 and 15 wt%
of talc leads to increases of storage modulus respec-
tively of 260, 430 and 600 MPa thus the increases
of the storage modulus are directly correlated to talc
percentage. These increases at high temperature
could be associated to the reinforcement effect of
particles in the polymer matrix or to the crystalliza-
tion induced by talc on the PLA.
To better understand the role on reinforcement of
the PLA crystals and of the filler, DMTA were
repeated on samples annealed for 2 hours at 100°C
to permit the maximum crystallization. After the
annealing the samples were tested on DSC to verify
the reached crystallinity. The results are reported in
Figure 9 and Table 3. The crystallinity after anneal-
ing (Table 3) is 25% for neat PLA and increase with
the talc content to 30% as expected from the previ-
ous DSC isothermal data. The total crystallinity of
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Figure 6. Plots of ln['–ln(1 – Xt)] vs ln(t) for the microcom-
posites at 110°C
Figure 7. Plots of ln['–ln(1 – Xt)] vs ln(t) for the PLA at
100°Cthe annealed samples is different from the corre-
sponding samples measured with DSC. The differ-
ences are due to the thermal history of the samples:
the DSC samples were quenched while the samples
for mechanical analyses were heated from room
temperature to isothermal condition for annealing.
At 30°C the storage modulus is not influenced by
talc and by the crystallinity level under the 2.5 wt%
of talc content thus the main reinforcing effect in
this case is due to the glassy state of PLA. Above
this content (5 wt% and more) there is a linear
increase of the storage modulus directly correlated
to the talc addition. With the samples annealed the
modulus increases faster with talc content than with
un-annealed samples. This behaviour suggests that
there is a synergistic effect between talc filler and
crystallinity. At 85°C the storage modulus of pure
PLA annealed is about 340 MPa and the sample
reach the end of the test now fixed at 120°C. Thus,
over the Tg, the crystallinity highly affects the
thermo-mechanical properties of PLA. For annealed
samples at high temperature the storage modulus
directly increase with talc content and it seems due
to the linear addition of talc effect and crystals pres-
ence.
Finally there is a small increase in the glass transi-
tion temperature (peak of tan%) of the different sam-
ples after annealing (Figure 8, Figure 9). Probably
during annealing the low molecular weight mole-
cules, that are the molecules with the higher mobil-
ity, are included in the growing crystals. The low
molecular weight molecules are the same that act as
plasticizing agents for PLA amorphous part thus the
result is an increase of the glass transition tempera-
ture.
4. Conclusions
To allow PLA utilization in engineering applica-
tions addition of selected fillers by melt-blending
represents a good methodology for improving its
performance. PLA based-composites obtained by
addition of talc present considerable improvements
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Figure 8. DMTA of PLA and PLA/talc composites. Storage modulus (a) and tan( (b)
Figure 9. DMTA of PLA and PLA/talc composites after annealing (2 h at 100°C). Storage modulus (a) and tan( (b)in the thermal and mechanical properties of PLA
thus they are potentially interesting for technical
applications. The incorporation of talc particles sig-
nificantly accelerates the crystallization process of
the PLA matrix.
The crystallization behaviour of PLA/talc compos-
ites during cooling is mainly influenced by the
composition and the crystallization temperatures.
The talc in PLA/talc composites can effectively
increase the crystallization rate of PLA, even at a
content of 1 wt%. The crystallization rate increased
slightly as the talc content in the composite increased.
The maximum speed of crystallization is reached
with the annealing temperature of 100°C for the
PLA and a lower (95°C) for talc high content sam-
ples.
The kinetics of crystallization obtained using the
Avrami equation shows that PLA/talc microcom-
posites has a different growth kinetics that is more
similar to a two dimensional growth on a lamellar
structure such as an epitaxial growth. Moreover
micro talc strongly reduces the activation energy.
At high temperature the modulus increase is due to
a synergistic effect between crystals and filler, thus
in order to have materials with good performances
both the presence of a filler and PLA crystals are
necessary.
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